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Titlo; Dev<Mopment of a Compact Raman Spactrometer for Dvtacting 

Product interfoces in a Plow Path 

FIELD OF THE INVENTtQN 

The present invention relates to a metiiod and apparatus for 
detecting transitions between difFerent gas or liquid products in a flow path 
and. more partlcularty, it relates to an apparatus and method utilizing Raman 
spectroscc^y for detecting transitions Isetween petroleum products. 

BACKGROUND OF THE INVENTIOM 

Before the advent of lasers, the use of Raman spectioscopy as a 
routine analytical technique was limited due to the small number of available 
sources of Intense, monochromatic radiation Sinofi the 19B0's, lasers have 
become the excitation source of clioioe for Raman spectroscopy, as they 

provide mucil yit^alf;!! iiiluntiUiuti unU iimiiww«i iliiw wiciUi^ titan tho mercury 

arc lamps commonly employed previously. Furthennore, much weaker 
Raman signals became observable, resolution improved, which lead to laser 
Raman spectroscopy becoming an important benchtop tool for identifying 
molecular species via characteristic or "fingerprint" vibrational features. In tiie 
past, due to the special requirements of the lasers, (high voltages, cooling 
water, specialised personnel and space requirements), these s^tems tended 
to be large and expensive, and needed to be used in dedicated facilities. 

Since then, diode lasers have become much simpler to operate. Diode 
lasers are small and inexpenslvs, can run off veiy low voltages (15 V or less), 
geneiale less heat, and have high conversion efficiencies compared to 
traditional laser Raman sources. In spite of these advantages, certain inherent 
properties of diode lasers have made them less appealing tbr use in Raman 
spectroscopy. These include lower intensities, a less monochromatic output 
("mode hopping"), greater beam divergence, and excitation wavelengths 
restricted to the near to mid-IR regions. With recent advances in diode lasei 
technology, many of these difficulties have been overcome, and Raman 
spectrometers with diode lasers as the excitation source have begun to 
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One big advantage of using diode lasers as a source for Raman 
spectroecopy was io move th« technique out of Vapt lab and into the realm of 
field measurements and process monitoring. Relaliv^iy high moieoufar weight 
5 organics. such a$ petroleum products, various plasties, and types of edibis 
oils have been difTerentiafed on th^ ba5%is of their Raman spectra generated 
using a portable diode laser based Raman instrument These compounds are 
good candidates for Raman based anaiysie due to the presence of strong 
Raman features with shifts in the region of 700-1700 cm'\ Raman analysis of 

10 cQmrTiefi;i«! grade gasoline in particular can benefit from an excitation source 
in the near to mid-iR, to avoid interference from background fluorescenceft 
which can be excited at lower wavelengths. These fluorescence signals 
depend on the excitation wavelength, and can be so strong that they 
completely obscure the Raman features which would QthenAfis^ appear. 

16 A number of studies have used Ramcsn ^»p«uljyscQpy lo examine fuels 

or mock fuel mixtures, These include a quantitative analysts of xylene isomers 
in mock petroleum fuels using a dinrie laser Raman spectrometer with an 
isxcilation wavelength of 800nm, A partial least squares regression analysis 
routine was used to correlate the individual xylene isomer concentrations to 

?n the Raman signal, without the use of an internal standard. For samples 
containing between 1.0 and 15% xylenes, the concentrations were 
delermined to within ±0.1% for the drtd pdz-a- isomers, and to within 

±0.15% for offfjo-xylene. Other studies inciude a comparison of near-lR and 
Raman spectroscopies for the determination of the chemical and physical 

25 properties of naptha. an analysis of aviation turbine fuel composition, and a 
system designed lo uurrelala Lhe Raman spectra of gasolines with their 
octane ratings. The first three studies were all laboratory based^ while the 
fourth describes a partial least squares regression analysis routine which was 
applied to spectra recui UeU un a oummercial FT-Raman spectrometer with a 

30 Nd: YAG source. A large "training eat" of spectra taken from fuels with known 
nctane ratings was used to build a model to predict the octane rating of fuels 
not included in tine training set The accuracy of the determined octane ratings 

dependfi^d on liie uucui^iuy uf iUv liMiiiiiiy :^c^t useai to ct-eate the model. In 
yeii&ful, a giv^n fuel octano rating can correspond to any number of difforont 

I 
I 
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chemical "recipfiR", i.e. the octane rating does not uniquely define tlie exact 
uhtjfnical composition of the fuel. Gasoline derived from a common eourc©, or 
proodeeed by a particuiar refinery, may show ^ p^^rrlcuiar pattern, which the 
training set can "learn" to recognize. However, a fuel derived from a different 

5 source may not match the defined pattern, necessitating the acquisition and 
use of a new training set. 

The problem of measufing the octane rating of a given fuel, other than 
by the empirical "engine knock'^ tests used to dafin© the quantity, is clearly not 
straightforward. I he training set approach doeig have Its uses. However, it 

10 relies on being able to e&tablish a reliable base (the training set), and can get 
somewhat cumbersome when applied to a large, widely varying set of 
samples. The problem of distinguishing between various grades of gasoline, 
without attempting to specify an octane rating, is significantly less demanding. 
It is also still extremely important. When the finlshfiri products leave the 

15 refinery, they travel through pipelines to distribuliun slations, where they are 
directed Into holding tanks before being transported by truck to local filling 
stations. Any or ail of the different grades of gasoline nr riifttillarfis may pass 
sequentially iluough a given section of pipe. It is thu$ Important to be able to 
determine exactly when one product lot ends, and the next begins. 

20 vanous techniques have been used to identify the exact product 

interface in such a setting. As a basic requirement, one needs a measurable 
physical or chemical property, which differs not only from product to product, 
but from grade to grade. Ideally, the measurements should be fast, non- 
destructive, able to be made irhs'rtu, give a clearly visible (large) change v/hen 

25 an interface occurs, and produce an output, which does not require a high 
degree of technical skill to interpret. 

One technique is to measure the density of the products as they flow 
past a particular point near thfi outlet into the holding tanlcs. The density 
measured &l Ifiis point in actually based on a sonemeter, which measures the 

30 speed of sound as it passes through the sample. This technique produces 
large changes at gasoline to distillate interfaces, but can have trouble 
distinguishing between grades of gasoline, and between diesel vs. low 
sulphur diesel oils. Viscosity or colour changes have also been used. Another 
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device, advertised commerciaHy, detects intfirfaces by measuring the 
electrical resislivily or liie product as it flows past a point. 

Tho abundance of tochniques avaiiabie serves to demonstrate ^e 
importanoe ot deterting product interfiices In a gasoline pipeline. Accordingly. 
^> thRfH is H lifted for a method, winich reliably and accurately detects product 
interfaces in a pipeline in real-time. Particularly, there Is need for a method 
and apparatus which can accurately and reliably detect product interfaces 
between a wide range of petroleum products, such as gosoHne products a$ 
well as other distillates (dms^i, jet fiiel, etc). 

10 

SUMMARY OF THE IMVEMTlQftf 

In accordance with the present invention a compact, portable Raman 
spectrometer system suitable for in situ use in hostile environments has been 
proposed. The source is a high power (500 mWj, broad band red diode laser 

lb which has been mode locked using an externa! cavity. This produces a 
monochromatic excitation b«am at a wavelength of approximately 670 nm. 
TTie spectrometer consists of an entrance slit, a combined diffraction 
grating/rocussiiitj elemenl, and an exit slit. The resolution of the Raman 
Rpfictra obtained is excellent (7.2 cm'^ R/VHM at a Raman shift of 1000 cm"^). 

20 The Raman signal, which exits the spectrometer exit slit is detected by a 
highly sensitive photomultlplier tube (PMT), and sent to a computer device 
<PC-104) for data acquisition and analysis. 

The proposed Invention described herein detects liquid or gas products 
in a flow path. Specifically, this invention detecte changes in the composition 

25 of various petroleum products flowing through a gasoline pipeline, by means 
of exposing samples of various petroleum products to the Raman 
spectrometer system. The petroleum products of interest consisted of four 
distillates (diesel oil, low sulphur diesel, jet fufil, and furnace oil), and three 
different grades of gasoline (rayular unleaded, premium 91, and premium 

30 US02). Both the hardware and software is tailored specifically to suit this 
ar)plinatlon. A computer acaulres full Raman spectra fro.m the Ramen 
spectrometer system, wherein date obtained from the spectra is processed 
using a multipte-dimension "least squares" routine. 



BRIEF DESCRiPTiON OF THE DRAWiM(5fi 

For a better understanding of the present invention and to show more 
clearly how it nnay b© carried into effect, reference wiil now be made, by way 
Qt example, to the accompanying drawings: 

Figure 1a illustrates a schematic representation of a Raman 
spectrometer system; 

Figure it) illustrates b schemaliu rt?pftrf!?enlalion of a mirror 
arrangement used in collaboration vi/ith the cell illustrated in Figure 1a; 

Figure 2 illustrates a flow chart representation of a product 
differi^fjlialion aigoiithm used in detenninlng product interfaces; 

Figure 3 illustrates a measunsid Raman spectrum of pure toluene 
obtained by the Raman spectrometer system Illustrated in Figure l; 

Figure 4 lliustrates a measured Raman spectrum for three grades of 
gasoline; 

Figure 5 lilustrates a graph of measured optimized correlation 
coefficients for five incoming pure compounds over a finite time period during 
the day; 

Figure 6 illustrates a graph of measured output voltage corresponding 
to transition interfaces between three grades of gasolin* over a finite time 
period dunng the day; 

Figure 7 illustrates a graph of measured ou^ut voltage corresponding 
to transition interfaces between low sulphur, diesel oil, and jet fuel over a finite 
time period during the day; and 

Figure 6 illustrates a graph of measured output voltage corresponding 
to transition interfaces between low sulphur, furnace oil, and jet fuel over a 
finite time period uuiirig {\m day. 

DETAILED DESCRIPTION OF THE 8NVi-fS8Tlf)M 

Fiyure la illusUate?5 a Rwmr\ spectrometer system 10 for detecting 
interfaces between various petroleum products flowing through a pipeline or a 
suitable conduit structure. St wiil also be appreciated that in accordance with 
the present invention, the product or materia! interfaces between other types 
of gas or liquid in a flow path can be detected. The spectrometer system 10 

90mprbm M high powtsr tfAuiUiliur^ ^\t^t%}^ 12. whivh iiidudcd a high power (up 
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tu aOO mW}, broad band diode laser device 1 4 with a central emission 
wavelength of 670 nm and an external cavity grating device 16 The diode 
laser 14 is locked into single mode operation by means of the external cavity 
ie, wherein the external cavity 16 provides frequency-selective optical 
6 feedback. The diode laser 14 and external cavity 16 are operated to form a 
mode-locKed esrternal cavity laser that emits monochromatic red light with a 
spectral resolution {FWHM linewidth) of 0.2 nm. The diode laser 14 also 
includes a thermoelectric cooling element (not shown in Figure la), a heat 
sink and fen. whiofi pjovldes a means for maintaining wavelength stability and 
10 device integrity (avoiding device destruotion). The single mode output 
intensity i.<5 greater than or equal to the output from the laser whilst in 
multirnode operaUon when the laser Is running at up to 67% capacity (as 
measured by the drive current). At drive currents above 67% of capacity, the 

Single mode output intensity Is less than the Intensity measured during 
15 multimode operation. In accordance with an alternative aspect of the present 
invention, the excitation source may incorporate any other laser device 
capable of uerteiating wavebriglhs, wliich produce IRaman spectra ft-om the 
sample or products flowing in a carrier structure such as a pipeline. 
Depending on the matertal under analysis, it may be necessary to use 
20 different excitation wavelengths for producing Raman spectra. Consequently, 
different dtode laser sources may be utilized. 

The optical light signal (red light) Is emitted from the excitation source 
12 and received by a lens device 18. The tens device 18 receives and focuses 
the light signal into the center of a high pressure, stainless steel sample cell 

20 20. The cell 20 is equipped with four 1/2 inch diameter, 4.75 mm thici< AR 
coated fused silica windows which allow the light signal (red light) to pass into 
and out of the cell 20. As Illustrated In Figure lb, a pair of gold rniiiois 202, 
204, one below and one on the side of the coll respectively, are used to 
enhance the Raman signal intAnsity by effectively doubling the number of 

30 UansiUons (passes) the light signal makes through the sample. As Illustrated 
in Figure 1b, a product under analysis, indicated by 206, flows into the ceil 20 
by means of a first opening 208, and flows out of the cell 20 by means of a 
second opening 210. As the product flows through the cell between the first 
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and second openings 208. 210, the light signal, as indicated by 212, from the 
excitation source lllumintilijs the product, by malting a fit'M tranfeillsn through 
the cell 20. The light signal, indicatfsd by 212 (also referred to &s an excitation 
wavelength) generates a Raman scallered signal, wherein a first portion of 
5 the Raman signal is output from the cell along path 214 to the spectrometer 
devic© 26 (see Figure la). A sficond portion of the generated Raman signal is 
received by the first mirror 202 and reflected back along path 214 to the 
spectrometer device 26 (see Figure la). Consequently, the first mirror re- 
directs any generated Raman signal propagating away from the spectrometer 

10 device 26 back tow/ards the spectrometer device 26, which increases the 
received Raman signal intensity. The second mirror 204 refleofs the light 
signal, indicated by 212, which passes through the fiowlns product in ihe ueii, 
back through the flowing product. Hence, by doubling the number of 
transitions the light signal, indicated by 212, makes thrnugh the cell, the 

15 Intensity of the generated Raman scattered signal is increased. Figure la 
illustrates the generated Raman scattering signal output from the cell, as 
indicated by 22. The sample (product) flows continuously through the cell 20, 
which was pressure tested to 2000 psi. 

As illustrated in Figure la, the Raman signal, Indicated by 22, is 

20 emitted from the cell 20 and focussed onto an entrance sift 24 of a 
spectrometer 26 by means of a lens/Hlter assembly 28. The iens/fiiter 
assembly 28 comprises an optical filter 34, an input ooupiino tens 30 and an 
output coupling lens 32. The lens/filter assembly 28, removes any residual 
optical signals from the Raman signal (90% optical transmission above 680 

25 nm), which includes the 670nm light signal (red light) emitfed from the 
excitation source 12. The Raman signal 22 is coupled by the lens/filter 
assembly 28 to the entrance slit 24, where it is diffracted by a concave 
diffraction grating 36 within the spectrometer 26. The concave diffraction 
gratinfj 36 directs the Raman signal onto the spectrometer's exit slit 38, 

30 wherein the exit slit ZB couples the Raman signal to an optical detection 
device 40 such as a photomultlpller tube (PMT). The Raman signal is 
detected by a photomultiplier tube 40 and sent to a computer device 42 for 
processing. A limited rotation electromagnetit; drive (not shown In Figure 1a) 

iBpeBcively tumo the conoavv grerting da through a omaH anglo undor pr»ciee 
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servo control. Turning Uie giatlny 36 (one rotation or single scan) under servo 
controi provides a wavelength scanning range of 26nm, from 660-71 5nm. 
This corresponds to Raman fthitts ot 700-1220 cm"\ 

The Raman spectrometer system 10 is irislalled /n-s/fu on a wording 

5 pipeline, In a preferred embodiment, the excitation eourcd 12, sample cell 20, 
spectromc^^ter 26, and HM I 40 are housed in a NEMA rated explosion proof 
box wilh inside dimensions of 30 cm x 30 cm x 15 cm. This box is mounted 
outdoors, adjacent to the pipeline. The product is drawn through stainless 
steel tubing from the main pipeline, through the sample cell, and leLurned to 

10 the main pipeline, providing a continuous flow through the ce!!, A separate 
control unit 50 includes both the computer 42 and a pnwer supply 46, and is 
located inside a nearby monitoring station. The power supply 46 provides 
power to aii the main components of the Raman spectrometer system 10 (e.g. 
computer, laser current driver, cooling tan, etc.). A conductor medium 44 such 

15 as a 20m leriyth of single shielded coaxial cable transmits the Raman signal 
from the optical detection device 40 (photcmultipliar tube) to the computer 42 
inside, rhf% control unit 50. Once the computer 42 processes the received 
Raman signal, an indication signal consisting of a single voltage value scaled 
between 0 and 4V is sent from the back of the control unit SO to the end user. 

20 A Change In the output voltage indicates u diariye in the product flowing 
through the cell More detailed data is oiso logged and stored on the computer 
42, and can be accessed for diagnostic piirpn^p,?^ by including a computer 
monitor and keyboard within the control unit 50. 

The raw data based on the received Raman signal 22 is sent to the 

25 computer 42. This data consists of a continuous series of scans (26nm 
range), each containing irifof rnatiun uypyble of generating a Raman spectrum 
of optica! intensity (response of the PMT optical detection device) as a 
function of w^avelength (angle at the dittraclion grating). In accordance with 
the present iriverUion, Ltie data is averaged for approximately SOs (100 scans). 

30 The resulting incoming spectrum contains features which are 

representative of the composition of the product which Is flowing through the 
cell. In acoordance with the present Invention, a carefully constructed product 
differentiation algorithm is used to assign a signal value (an output voltage) 

UaacU uii tl'ic fiippi^oiranTC of th« incoming op^cjirum, an<l/«r the OKtent to 
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which the incoming spectrum resembles previous incoming spectra. 
Consequently, the algorithm analyses the data corresponding to the averaged 
Raman scans, and determines the interface between different products 
flowing through the cell, in accordance with the present invention, the 
0 interface between petroleum producte are detemiined, v»<horoby the algorithm 
relies upon certain properties of refined petroleum prcxJiicts, which have tieen 
established empirically in the laboratory during the development of the Raman 
Spectrometer system 10. Those properties are fairly baeio, and are expected 
to be widely applicable for most refined petroleum products world-wide. It will 

10 also be appreciated that this algorithm may be extended to analysing any 
BUbetance that provides a good Raman signal. 

The Raman spectra of ai! grades of gasoline are dominated at Raman 
shifts between 700 and 1200 cm'^ by features which can be attributed to a 
small group of compounds such as: Toluene, or^, me/a-, and para-xytenes, 

15 Iso-octane. cyclohexane, and alkvl-cyciohexanes. Different aredes of gasoline 
contain varying proportions of these compounds. For example, the toluene 
feature produces a Raman shift of 1001 cm\ and is always the most 
prominent. There is no universal relationship, which reliably correlates simple 
ratios of any of these species to the octane rating of a given product. 

20 Any Raman f&atures In spectra obtained from distillates such as diesei. 

low suiphur dlesel, or fumace oil are obscured by a huge fluorescent signal. 
The relative strengths of the fluorescence signals from the different distillates 
were distinct and reproducible. Jet fuel fiuoresced only weakly, but still 
showed little in the way of Raman features. Linear aiiones, which have very 

25 weak, broad Raman feature between 700 and 1200 cm'\ are present in 
greater abundance in disliiiales, Including jet fuel. Aromatics and cyclic or 
branched alkanes, which have strong Raman features, are undesirable in 
diesei ftjels Occasional gasoline samples fluoresced weakly as they flowed 
through the pipeline, but nol lo Uie extent of completely obscuring the Raman 

30 foaturos. 

On the basis of these observations, the product differentiation 
algorithm was constructed along two paths. A flowchart mapping the decision 
making process Is shown in F^ure 2. 
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Along the first path, strongly fluorescent products were assigned an 
output voltage in the range of 2.6-4.0V. For the purpose of this disclosure, the 
exact value is calculated based on the Intensity of the fluorescence of the 
current sample, according to Equation [1]. For example, weakly fluorescent jet 
fuel will have a very small value for F. and will produce an output value dose 
to 2.6. Furnace oil, which can fluoresce so strunyly the slyrial gues off scale, 
will have a value close to 4.0. The value of F in Equation [1] is constrained to 
a maximum ot l-mox = 2.0. Intermediate fluorescence levels, associated wfth 
diesel or low sulphur diesel, give intemnediate (but distinct) output values. 

V = 2.6i-F*1.4/F„,v [1] 
V value output to customer 

F ratio of fluoreaoenoe levels of incoming to stored reference spectre 
Fm$x maximum fluorescence ratio before signal goes off scale 
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It will be apprcdatcd that a more detailed analysis of the incoming data 
is required to differentiate between gasoline products f-or this reason, the 
algorithm must first determine whether the incoming product is gasoline or 
I H other distillates. Rafemng to Figure 2, in a step 86, the computer receives raw 

h 20 data corresponding to an acquired Raman spectrum (averaged spectrum 

based on the 90s scan time), following this data acquisition process, in a step 
58, the background fluorescence is subtracted from the acquired Raman 
P spectrum data. In a step 60, a series of multi-dimensional least square 

calculations are carried out in order to fit the received incoming spectrum data 
25 to a set of data corresponding to the reference spectra already stored in the 
computer 42 (Figure !a). The data corresponding to the reference spectra are 
used in determining whether gasoline is being analyzed or other distillate 
prnducts such as diesel, low sulphur diesel, jet fuel or fumare oil. The stored 
spectra (six) data are reference spectra of pure compounds, which were 
30 found to be important components of gasoline products. The stored reference 
spectra (data) are pure toluene, mefa-xylene. iso-octane, cyciohexane. and 
methylcyclohexane (five pure compounds), which were acquired in the 
laboratory and stored on the computer 42 (PC<104). Also, a sixth reference 



spectrum (data) was added, which includes a characteristic curve from a 
strongly fluorescent compound. In the step 60, data for each incoming 
spectrum is fit to the data corresponding to the mentioned reference spectra 
using a multi-dimensional least squares fit routine. The incoming product 
spectrum (data) is compared channel by channel {x ^/aluos: Rsman $hift(cm'^) 
value) with a hypothetical "tesf spectrum (data) which is a composite of the 
six mentioned roforcnco spoctra (data). This tost spoctrum data is built by 
appiymg a multipfer to asnh rftferenr^ f4pg^rJ:riim, then taking the sum. I he six 
multipliers are adjusted to minimis the difference between the Incoming 
product spectrum (data) and this *test" or composite spectrum (data). The set 
of multipliers which minimizes the difference makes up a set of six optimized 
fit coefficients, one for each reference spectrum. The routine also calculates 
an individual con^eiation coefficient for each individual reference spectrum 
(data points) with respect to the Incoming product spectrum (data points). In 
the case where the incoming product contafns substantial proportions of all or 
many of thfi individual cnmpnunda m cm^t^ thft r(=5fftrenoe set, then none 
of these individual correlation coefTiclents will be especially close to one (i.e. 
the shape of the incoming product spectrum will not strongly resemble the 
Shape of any individual reference spectrum). Hence, for each Incoming 
spectrum, this routine generates a set of six fit coefficients (the multipliers) 
and six individual correlation coefficients (a measure of the degree to which 
the incoming spectrum resembles a given reference spectrum), one pair for 
each stored reference spectrum. 

The routine also calculates a total correlation coefficient for the 
inooiuiny product spi:»olrurii (data) with re^peot to the optimized "test" or 
composite spectrum (data). If the product consists ontirdy or almost entirely 
of compounds, which are included In the reference ftpentra, the mufti 
dimensional correlation coefficient will be very close to one. This Lolat 
correlation coefficient gives a measure of how weli the incoming spectrum 
data matches the composite reference spectrum data and used for diagnostic 
monitoring purposes. 

Based on the values of these individual correlation coefficients, in a 
step 62. trie alguf itiun fur ihe presence of strong Raman features in the 

Incoming dala. If no Raman ibaiur^e ar^ found, tH« output valu«» ia caloulated 
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based on the fiuorescenoe. In this case, tlie alflorithm moves to a step 68, 
whsroln the product ie deteiwindd to be diosst, Jet fuel or furnace oil. If strong 

Raman features are present the algortthm moves to a step 76. wherein the 
product is assumed to be gasoline. 
5 Suba^uent steps 78, 80, 84, and 86 are for processing and detecting 

Interfaces between varying grades of gasoline. In a step 78, data 
corwspondlng to the incoming spectrum is compared with data corresponding 

to a sspHclnjiii, whiuli is iepiHseiildlive u! liie piuduul tluwiiiy a iesw (itiitulea 

previously. This previous product spectrum (data) is stored on the PC-104 
1 0 computer as a temporary or "moving" reference spectrum (data). It is updated 
every time the incoming spectrum is determined to contain strong Raman 
features (I.e. for every incoming spectrum, which indicates gasoline). In the 
step 78, the comparison between the incoming spectrum data and the moving 
reference spectrum data Is performed using a single dimension least squares 
15 fit The algorithm looks ot the data corroaponding to each spectrum {incoming 
spsntrum and moving reference spectnjm) point fay point and compares* thft 
two. TTie difference between the corresponding signal Intensities (the "y" 
values) for each channel number (the "x" values) can be quite large 
depending on how alike or unalike, with respect to both shape and signal 
20 intensity, the two spectra are. A constant multiplier is then applied to the 
stored "moving' reference spectrum data (i.e. multiplying all the "y" values 
corresponding to the stored moving spectrum data by a given value). The 

multiplier that minimizca the difforcficc between the corresponding aigmal 

intenftittfts (y values) i$s The (hasr) fir coefficient. The correiation noefficient, 
25 nomfially denoted Rpp. gives a measure of how good this fit Is (i.e. how similar 
In shape the two spectra are). A perfect fit has a correlation coefficient of 
exactly one. Consequently, a fit coefficient and correlation coefficients are 
generated, which characterize the degree of similarity between the cunwt, 
incoming spectrum, and the stored moving reference spectrum (the previous 

30 product spectrum). If the conrelation coefRclent Is above a defined cut-off. the 
product is deemed to be the same (no interface). In this oaso, in a step 82, the 
output value is caiailatftd sftnording to equatinn [2a]. For this case, the output 
value is calculated from a previously calculated "moving ' constant Cm defined 
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by equation 13] and the (small) difference between the incoming and previous 
product spectra (correlation coefficient). 

V = Cm + to + 5*(1-Rpp) (if Cm te unchanged or hae increased) 
S I2al 

V - Cm + 1 .0 - 5*(1 -Rpp) (if Cm has decreased) 

[2bl 

V value output to customer 
10 Cm moving constant 

Hpp oorrelatlon coefficient of Incoming to previous product spectrum 

The third term is constrained to a maximum value of 0.5 to prevent V from 
going out of lanye. 

1 5 If tiie correlation coefficient is below the defined cut-off, this is taken to 

indirata a clear difterence between the current and previous product spectra 
(an interface). In this case, in a step 80, the moving constant is re-assigned 
based on the chemical composition of tiie current incoming product according 
to Fquation [3]. 

20 

Cm = A*(Rioi + Rm-xyter*) - B*R!so-ce [3] 

Cm moving constant 

A. B empirically derived constants 

Rtoi con-elation coefficient of incoming spectrum to stored toluene reference 
25 spectrum 

Rm.xyte!>6 correlation coefficient of incoming spectrum to stored meta-xylene 
reference spectrum 

Riao-cs correlation coefficient of incoming apftctrum to stored iso-octane 
reference spectium 

30 In other embodiments of the present invention, whereby a product 

other than petroleum is being analyzed, the equations ([1], [2] and [3]) which 
are used to detennlnft the produrst intftrface vwil! vary in accordance with the 

type of product or compound under anal^is. For example, in accordance with 
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the prebenl invention, the correlation coefficients defined in equation [3] relate 
to the particular incoming product (i.e. gasoline) being analyzed. If another 
product ift flowing through the sample cell, the correlation coefficients, will be 
b^tsed on other specific compounds stored as reference spectra in the 
6 computer, in the present embodiment, the correlation coefficients are based 
on the compounds found in gasoline, such as Iso-octane. meta-xylene. and 
toluene. 

The constants A and B are empiricaily derived, and are used to scale 
the moving constant to give values between -0.5 and 1.0 for a wide range of 

10 gsGcfino samples. Once the moving constant has been updated, the output 
value is calculated using Equation [2a] or [2b] based on whether the recently 
calculated value of Cm Is higher or lower than the previous Cu value. If it is 
higher, then Cm is substituted within equation [2d}, and if lower, then Cm is 
substituted within equation [2b]. In a step 84, the stored spectrum is updated. 

15 whereby the present incoming spectrum data becomes the new moving 
reference spectrum (data). In a step 86, based on the different grade of 
gasoline detected «it the inlerfaoe, an output voltage between 0-2.5V is 
provided to the end user or customer (i,o. the output of equation [3]). The 
stepi^ ilUmtrated in higure 2 and described in the previous paragraphs 

20 constantly analyze incoming products flowing in the cell. 

If the product is determined to be dieeel, jet fuel or furnace oil, in a step 
70, the tiuorescence level is calculated using equation [1). Depending on the 
product, an output value between 2.6-4.0V is generated and provided to the 
end user or customer, as defined by step 72. As previously discussed, each 

25 product (not gasoline) will have a relatively different fluorescence strength. 
Therefore, any changes in fluorescence signal strength can be correlated to 
determining a product interface. 

The system described above produced good quality Raman data over 
a wavelength span of 25 nm (Raman shifts from 700-1200 cm"^). This shift 

30 region covers an aromatic ring breathing mode which gives a strong feature at 
990-1010 cm'*^ from mono-, mefa- or tri-substituted benzene (important 
edrteiituerite of g^t^^^linc), U ©bo oovcrs a ring vibration mode from porQ 
substituted benzene (e.g^ para-xytene. 810 and 830 qui^), and various rnod<^ 
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from braiiQhed and cyclic alkanes (e.g. cyolohexane ring breathing mode at 
802 cnn"\ iso-octane f-butyl symmetric stretch at 745 on'^ 

Figure 3 shows a spectrum, as defined by 100. of pure toluene 
obtained from this system 10 (Figure 1). The resolution is determined to be 
5 approximately 7.2cm"^ FWHM for the 1001 cm'"' peak, indicated at 102. Aiso, 
thft ftyrltatinn wavftlenQth QamrRtad by rhe ejfcitation source 12 Is 636nm. 
The ring breathing mode of toluene hae a particularly strong Raman elgnai, 
and has proven to be a particuiarly useful benchmark feature for analyzing 
gasoline spectra, 

10 Refined gasoline is a mixture of hydrocarbons, Raman features from 

various aromatic compounds and cyclic or branched all^anes are visible in the 
spectra obtained from actual gasoline samples* Features from these 
compounds, which Rr» jmpartant in df?fining thA ontanfif r;^ting nf la given fimi, 
are labf^i^ in a sel of gasoline $pecUa $howii in Figure 4. These sp^^cUa 

15 were obtained from three different grades of gasoline collected during field 
trials a? n pipeline pumping station located Sn north Torontn. Th^ strong 
toluene features can be obsen^sd in ail three spectra, as indicated at 104, 106 
and 108. The most obvious dHfer^nee betw^^n thfe thres grad^ of ga^olin^ i$ 
the strength of the iso-octane peak at 745 cm'\ indicated at 110, which was 

20 clearest in the spectra of the premium grades of gasoline, indicated at 114 for 
the premium 91 grade, and at 112 for the US92 gasoline. The iso-odane 
peak, as indicated at 116, in the spectrum of regular unleaded gasoline, 
(lowest octane rating) was ovon loss distinct. A closer CKamination reveals 
other dittersnces in the thr^e spectra, visible predominantly betv^een 700 and 

25 775 cm'\ For ©xample, th© mefa«xyten© peak at 725 cm"^ as indicated at 120, 
is most prominent in the spectrum of iJS92 premium grade gasoline, indicated 
at 122. while regular unleaded fuel has stronger cyciohexane and aikyi- 
oyclohexane features. 

The chemical differences between regular vs, the premium grades of 

30 gasoline, as indicated by the gasoline samples illustrated in Figure 4, appear 
distinguishable, Aromatios and branched alkanes such as iso octane are 
recognized octane enhancers It is thus reasonable that these compounds 
should feature more prominently in the spectra of the premium grades. The 

epectrs ahown in Figured 4 dearly e^diablldhdd that there arid difFordnocs 
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between gajsuline samples, and that the^se differences can be detected 
spcctroscopicaliy. 

Kor the products measured over the course or two lengthy field trials, 
Lhere was a tendency for the premium grades to have higher proportions of 
5 ieo-octane relative to toluone than the lower (regular) grade. However, the 
ratios from some samples were inverted ((.e. high levels of iso-octane in some 
regular unleaded samples, low levels In some premium US82 fuels). Also, 
there are some Instances in which no dear change in the iso-octane to 
arurr)«ilii; (loluene) ratio can be observed, even when a transition is known to 
10 have occurred. As demonstrated, these 'missed" transitions are not due to a 
lacic of sensitivity in the spectrometer. Rather, they are not detected because 
many different compounds, not just iso-octane and toluene, affect the overall 
octane rating of a given fuel, 
^ f in accordance with the present invention, the end user wiil detect the 

i. «H§ 

/5 15 required transitions (product interfaces) by a change in a single vaiue (e g. 

voltage), which rs output as a voltage and integrated within the user's pipeline 
hi rnontluiing slalion. The noise tevei in the output value has to be sufficiently 

O low relative to the magnitude of the expectad changes, so that an interface 

iff 

could be reliably identified within one or two measurement periods. 
M 20 In order to overcome the mentioned issues with detecting the gasoline 

f y transitions, the multi-dimensional least squares fitting is used. The set of six fit 

fu coefficients and corr^ation coefficients, which are calculated based on the 

o 

^11 corresponding six stored reference spectra, provide a quantitative basis for 

differentiating between gasoline samples. The magnitudes of the fit 
25 coefficients depend on the strength of the Raman signal, and thus are 
sensitive to extennal influences such as the laser intensity, or dirt particles or 
accumulation in the ceii, which may vary over time. However, the norreiation 
coefficients give a measure of the degree to which the incoming spectrum 
resembles a given reference compound, which proves to bo a more reliable 
30 indicator of 3 pmriunt nhangfi. This^ is demonstraiftd in Figure 5, which shows 
llie optimized correlation coefficients of the incoming product spectrum 
calculated with respect to five pure compounds. Three product interfaces 
occurred in a 24-hour period. As illustrated in Figure 5, no single correlation 

QQ^fFicient rospondcd reliaibly at every produet interF«ice. Purth«rmore, the 
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magnltude of the changes at some inlerfaces were small relative to the 
degree of scatter, giving an unsatisfactory signal to noise ratio. These 
problems are overcome by calculating a single output value by using 
equations I2a. 2b and 3] In accordance willi llie present invention. As 

5 previously described, tho output value is derived from the correlation 
ROfiffioients ot the pure compound reference spectra, and the correlation 
coefficient of tine current (incoming) spectrum to a stored spectrum of the 
product which had been flowing in the previous few minutes. Figure 6 shows 
this calculated output (in real or near real-time) value plotted as function 

10 gasoline flow over a period of 24-hour3. The output value, defined by 140, 
reliably detects gasoline Interfaces, as indicated at 142, 144, 146. and givftfi a 

yuyU ;»iyiieil lu iiuise Tui vAfliiiHlci Un? inlciraoas, IndioAlcd by 14fi, 

between regular unleaded and US 92 is defined by a relatively well defined 

voltage step, as Indicated at 1^. 

10 A further advantage of this method for detecting gasoline interfaces Is 

that the algorithm was designed to exaggerate tiie difference in output values 
right at the interface. This is useful in cases where two Uirfefenl grades of 
gasoline have chemical compositions, which are very similar with respect to 
the compounds to which the Raman spectrometer is sensitive. A good 

20 example of Uiis exaggerated change is seen in Figure 5, where a transition at 
the interface, as indicated at 146, between premium gi and regular unleaded 
occurs at approximately 20:30 hours. At the transition, the output value dips 
sharply from a value of 1 ,82 V to a minimum of 1 .22 V, before rising again to 
level off at 1.59 V. The final values are related to the chemical composition of 

25 the product, while the size of the dip Is related to the degree of difference 
between the incoming (current) product spectrum and the stored (previous) 
product spectrum. Two chemically similar gasoline products will give very 
similar final output values. However, the transition is still detected due to the 
small (but measurable) change in the product spectrum, which occurs at the 

30 interface. 

As described In the flow chart of Figure 2, a different strategy 
{fluorescence signal strength) is used to detect product interfaces between 
the distillates. This successfully differentiates between jet fuel, diesel oil. low 

oulphur diceol, Ortd ^umaa* ei! <rM»t ohown) ao llluoirettad in *ho fiCO* fiold 
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results shown in Figure 7. Figure 7 provides » piyi of oulpul vollage, which is 
calculated using equation [1], against time of day. Figure 7 shows a quick set 
of transitions from low sulphur* di^ft£%l to diesei oil. as indicated at 150, diese! 
ol! to jet fuel, as Indicated at 182, Mmntii by a return to dissel oil, indicated at 

5 154, then bacl< to low sulphur diesel, as indicated at 158. No product was 
flowing throuQh the pipeline between [J8:3b and 11:15 hours. Particularly 
noteworthy among this set of transitions are the clear differences between 
diesel oil and low sulphur diesel, as these products can be difficult to 
distinguish by previously existing technologies. Transitions from a gasoline to 

10 a distillate or vice versa (not shown) are easily detected by this, and other, 
techniques. 

Data from a second field trial is shown in Figure 8, wherein the 
interface transitions between jot fuel, low sulphur diesel oil, cand furnace oil are 
shown. The transitions between low sulphur diesel oil and furnace oil, as 

15 Indicated at 160, between furnace oil and jet fuel, indicated at 162, jet fUel and 
furnace oil, indicated at 164, and furnace oil and low sulphur diesel oil, 
indicated by 166, are clearly shown. Consequently. In accordance with the 
present invention, the Raman spectrometer system provkles a clear indicalion 
of interfaces between petroleum products flowing in a pipeline. The system 

20 detects the interfaces between both various distillates and various grades of 

gasoline products by providing the end user or customer with a single 
indication value. 

Obtainin^j gu(xJ qLaiity Raman dala Is a key ingrt^nJIenl fui successfully 
detecting interfaces in a flowing product stream. The Raman spectra acquired 

25 by the Raman specrrnmerer sysmm has excf^llenT resolution and a gone 
signal to noise ratio. The resolution of a Raman spectrum in general may be 
limited by the resolution (degree of monochromatically) of the excitation 
source, or by element within the spectrometer. By using an external cavity to 
mode lock the diode laser, an excellent degree of monochromatically is 

30 achieved. If the excitation source is the limiting factor defining the resolution of 
the instrument, the observed excitation source llnewidth (FWHM) of 0.2 nm 
will translate into a Raman shift of 4,6 om'l The observed resolution of 7.2 
cm"^ (at the hWHM) is actually limited by the nomblnftri riiffracrion 



yrating/focus&ing element inside the spectrometer, which has a dispereion of 
1 mm/5 nm. 

The high output power of the laser, high transmission through the 
single element spectrometer (low tranemisaion losses) and tow dark current 

5 level of tha PMT detector all contributed to establishing a good signal to noise 
ratio. This means the scan time can be decreased to approximately 90sc This 
sampling interval was short enough to detect product intorfecos in real or 
near-rea! time, ideally, the interface between products is sharply defined. In 
practice, some mixing occurs in Ihe pipeline, depending on the level of activity 

10 (product flow rates) through the line. Reai interfaces can tJius span a period of 
up tn miniiTfis. a timft fiinnlflnantly flr^atftr than fhft SHmpllno period. 

The spectrometer as designed is compact and rugged, ideal for li^&itu 
Lii^e in hostile environments. In this application, the spectrometer unit was 
located outdoors, adjacent to the gasoline pipeline. The sampling method is 

1 5 non-invasive and non-destnjctive <i.e. not a drop of product was consumed in 
the testing). This feature is also attractive for situations In which contamination 
may be an issue, for example in the two extreme cases in which the sample is 
either designed for human consumption or is highly toxic. 

Comparing the Incoming (current) product spectrum with a stored 

20 spectrum of product, which had been flowing a few minutes prcviouely, 
proved to be the most sfinsitivfi methorl for rtfttftrting gasrsllnf^ to gasoline 

difference in output values right at an Interface, then stabilize over a period of 
a ttew minutes to an output value related to the bulk chemical composition of 

25 the current product. This feature is invaluable for distinguishing between 
gasoline of very similar compositions. 

The software in general was desiyned to b« rububL Dislinyuis^ding 
between gasoilnc on the basis of correlation, rather than fit coeffioient© 
eliminates "noise" due to chi^nges in the Karris^ri s\gtva\ inl^tis&ily. The tsoflware 

30 was also designed to compensate for srnaSI gradua! or sudden changes in the 
position (channel number) of the major Raman. The software correct for this 
by 'iracking" the toluene hng breathing mode, whldi has a Raman shift of 
1001 cm"''. In the region scanned^ this peak always appears as the strongest 
feature in the Raman Qpectra of gasoline. Th^ d&ftward routine findd this peak 
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In the incoming product spectrum and compares its position with that of the 
analogous feature in th© stored reference spectrum of toluene. If the position 
{10ni cm"^) of the toluene peaK (incoming spectrum) shifts, the shift is 

L^uiicvlcU thot the maximum df th« toluene peak in tho Inosming opootrum 
occurs at the same channel number (1001 cm'^) as in the r^^fi^renr^ spectmrn. 
The fitting routines are then performed as normal on tfie uorrecled (shifted) 
incoming data. Such shifts could arise from a change in the behavior of the 
scanner motor, a sudden shift (mod^ hop) in the excitation wavelength, or a 
gradual shift in the excitation wavelength due to temperature induced ohengos 
in the alignment of the ©Mtemal cavity. 

In accordance with the present invention, the Rsaman s^pecliomeler 
system described herein, is not limited to specifically detecting interfaces 
between petroleum products. The system and product differentiation algorithm 
can be utilized to detect product Interfaces in a vanety of gias or liquid 
products, by means of accordingly varying the excitation source wavelength 
and other waveiengtifi dep<^nd«^-nt components (e.g. gratings) In the system. 



